Introduction
Insulin increases glucose uptake in muscle and adipose tissue primarily by promoting the translocation of vesicles containing the glucose transporter isoform 4 ( G L U T 4 ) to the plasma membrane (reviewed in [l] ), a phenomenon that can largely explain the observed increase in the V,,, for glucose uptake. In the absence of insulin, G L U T 4 resides in vesicles distributed throughout the cell cytoplasm. T h e mechanism by which insulin induces these vesicles to approach and fuse with the plasma membrane has been the focus of an intense amount of research. While the full molecular details of this phenomenon remain to be elucidated, at least some of the components inAbbreviations used: GFP, green fluorescent protein; GSV, GLUT4 storage vesicle; NSF, N-ethylmaleimide-sensitive factor; PDK. phosphoinositide-dependent kinase; PI 3-kinase, phosphoinositide 3-kinase; PKB, protein kinase B; PKC. protein kinase C; SNAP, soluble NSF-attachment protein: SNAP-23 and SNAP-25,23 kDa and 25 kDa synaptosome-associated protein respectively: SNARE. SNAP receptor; t-SNARE. target SNARE; V-SNARE, vesicule SNARE; VAMP, vesicle-associated membrane protein. ' To whom correspondence should be addressed.
volved, both in the signalling process and in the fusion event, have almost certainly been identified. For example, considerable evidence suggests that phosphoinositide 3-kinase (PI 3-kinase) is both necessary and sufficient for insulin-stimulated glucose uptake (reviewed in [2, 3] ). Downstream targets of PI 3-kinase, namely protein kinase B (PKB) and the afypical forms of protein kinase C (PKC), have also been suggested to play a role (see below).
Several lines of evidence suggest that G L U T 4 trafficking to the plasma membrane is not the result of a simple linear signalling cascade acting upon a homogeneous population of G L U T 4 vesicles. Rather, G L U T 4 appears to reside in several distinct, but inter-related, intracellular vesicle pools. In this paper, we will first briefly review the available evidence suggesting that G L U T 4 resides in multiple intracellular vesicular pools. We will then discuss some very recent evidence suggesting that the insulin-dependent translocation of G L U T 4 from these pools to the plasma membrane may involve at least two distinct mechanisms, with respect to both the signalling pathways and the involvement of target-ing and fusion machinery [vesicule (v-) and target (t-)SNARES; SNARE is defined as SNAP receptor, where SNAP is soluble N-ethylmaleimide-sensitive factor (NSF)-attachment protein].
GLUT4 resides in multiple intracellular vesicle pools
There is a considerable body of evidence from biochemical, immunohistochemical and mathematical modelling data favouring the presence of G L U T 4 in multiple intracellular vesicle pools. In fat cells, for example, a significant fraction of G L U T 4 resides in endosomes that are continuously recycling between the plasma membrane and the cell interior. However, a large proportion of G L U T 4 is also thought to reside in a specialized vesicular compartment that is essentially devoid of endosomal markers (reviewed in .
Extensive analysis by confocal microscopy of the localization of G L U T 4 relative to other intracellular membrane markers supports the idea that there is segregation of at least some of the G L U T 4 away from markers of the recycling endosomes, such as the transferrin receptor and G L U T l [7] . Consistent with these data, morphological analysis by electron microscopy has also identified several distinct GLUT4-containing pools [8], both tubular and vesicular in nature.
The recycling endosomal compartment can be ablated in 3T3-Ll adipocytes using transferrin conjugated with horseradish peroxidase. Subsequent treatment of transferrin-horseradish-peroxidase-loaded cells with diaminobenzidine and hydrogen peroxide leads to almost complete ablation of the transferrin receptor-containing endosoma1 pool, but only of 40% of the G L U T 4 [9, 10] . This ablation technique slows insulinstimulated G L U T 4 translocation, but does not abolish it [9]. While the technique has some limitations, the data do support the theory that G L U T 4 resides partly in the endosomes, and partly in a unique sequestered pool. Furthermore, these results imply that both pools may contribute to the overall insulin-dependent translocation of G L U T 4 to the plasma membrane. Indeed, insulin has previously been shown to induce the translocation of the endosomal-resident proteins G L U T l and transferrin receptor to the plasma membrane, although to a lesser extent than for GLUT4.
These observations are supported by studies in which a mathematical treatment of the kinetics of G L U T 4 translocation suggests the presence of 0 1999 Biochemical Society at least two distinct intracellular pools of GLUT4, both of which translocate to the plasma membrane in response to insulin [ 1 1,121.
G L U T 4 thus appears to reside in at least two intracellular locations : in a ' unique ' GLUT4-containing pool sequestered away from recycling endosomes {termed G L U T 4 storage vesicles (GSVs) by James and colleagues [4] ), and also in the recycling endosomes themselves, along with the transferrin receptor and G L U T l , which undergo continuous recycling between the plasma membrane and the cell interior. This raises the possibility that G L U T 4 may be mobilized to the plasma membrane by insulin via two quite distinct mechanisms.
The fusion event
The characteristics of the GSV compartment are believed to closely resemble those of small synaptic vesicles in neurons that undergo a Ca2+-induced fusion with the synaptic membrane [4] . This analogy arises largely because of the similarity in their protein composition. In neurons, the fusion of a synaptic vesicle with the plasma membrane involves the formation of a complex between the t-SNARES syntaxin-1 and SNAP-25 (25 kDa synaptosome-associated protein) [ 131 on the plasma membrane and the V-SNARE VAMP2 (vesicle-associated membrane protein 2) on the vesicle. Together with NSF and SNAP, these proteins are thought to mediate, at least in part, the fusion and/or targeting machinery necessary for synaptic vesicle fusion with the plasma membrane.
In adipocytes, a significant proportion of intracellular G L U T 4 co-localizes with VAMP2 [lo] . Indeed, an involvement of VAMP2, as well as of the plasma membrane t-SNARES syntaxin-4 and SNAP-23 (23 kDa synaptosome-associated protein), in insulin-stimulated G L U T 4 translocation has been demonstrated. For example, neutralizing antibodies specific for syntaxin-4 [ 141 and overexpression of interfering SNARE mutants or fragments [15, 16] significantly diminish insulin-stimulated G L U T 4 translocation. Botuh u m neurotoxins and tetanus toxins, which selectively cleave VAMP2, also partially block insulin-stimulated G L U T 4 translocation when introduced into permeabilized cells . This further suggests a central role for these SNARES in insulin-induced glucose uptake and G L U T 4 trafficking.
The published studies using botulinum or tetanus toxins, interfering SNARE fragments and peptides and inhibitory anti-SNARE antibodies are summarized in Table 1 . An interesting theme emerges from the studies in which SNARE interactions have been blocked. In almost all cases, only a partial inhibition of insulin-stimulated glucose uptake and G L U T 4 translocation is observed. For example, despite complete destruction of VAMP2, insulin-stimulated G L U T 4 translocation is only blocked by approx. 4&600/, (Table 1) . Failure to achieve a complete inhibition of the insulin response suggests that insulin uses both VAMP2/syntaxin-4-dependent and -independent pathways to promote G L U T 4 translocation. This proposal is consistent with the existence of a subpopulation of GLUT4-containing vesicles in adipocytes that lack VAMP2 [lo] . Interestingly, Rea et al. [21] have reported a VAMP21syntaxin-4-independent mechanism for insulin-stimulated GLUTl translocation in 3T3-Ll adipocytes.
This might suggest, therefore, that the VAMP21 syntaxin-4-independent route for G L U T 4 translocation to the plasma membrane may be via a stimulation of the exocytosis of recycling endosomes containing G L U T l , transferrin receptor and the G L U T 4 therein.
Signalling mechanisms employed by insulin to stimulate GLUT4 exocytosis
If G L U T 4 translocation to the cell surface involves two distinct trafficking mechanisms, then does a single signalling pathway mobilize both pools, or are distinct pathways involved ?
Binding of insulin to its receptor activates a cascade of cellular signalling responses, including the activation of PtdIns(4,5)P2-specific PI 3-kinase. This enzyme is of particular interest because it plays a key role in mediating the insulin signal leading to GLUT4-vesicle translocation. The lipid product of this enzyme, namely PtdIns-(3 ,4,5)P3, promotes the phosphorylation and activation of the serinelthreonine-kinase termed PKB via two protein kinases named phosphoinositide-dependent kinase 1 (PDKl ) and PDK2 [22] . T h e activation of PI 3-kinase, and generation of its lipid products, also leads to the stimulation of the novel isoforms of the P K C family, namely PKCA and PKCC [23-251. As with PKB, the activation of PKCL and PKCC may also involve phosphorylation by P D K l [26, 27] .
T h e central role that PI 3-kinase plays in insulin's ability to stimulate glucose uptake is undisputed. For example, the PI 3-kinase inhibitor wortmannin completely blocks the ability of insulin to stimulate glucose uptake (Table 1 ; [28, 29] ). Interestingly, wortmannin also blocks the insulin-stimulated translocation of G L U T l [28] and transferrin receptors [30] to the plasma membrane. While wortmannin may have questionable specificity as a PI 3-kinase inhibitor, other methods of inhibition of this enzyme have also been reported to block insulin-stimulated glucose uptake (namely LY294002 and a dominant-negative Ap85 mutant .
Overexpression of constitutively active mutant forms of P I 3-kinase essentially mimics the effect of insulin in stimulating glucose uptake and G L U T 4 translocation in fat cells [34, 35] . While the experiments with insulin and constitutively active PI 3-kinase constructs do not involve comparable periods of stimulation (minutes and hours respectively), taken together the data argue very strongly that PI 3-kinase is both necessary and sufficient for insulin-stimulated glucose uptake.
In a similar vein, a variety of constitutively active forms of PKB mimic the ability of insulin to promote glucose uptake and G L U T 4 translocation in muscle and adipose cells [36, 37] , suggesting that this protein kinase may also be a crucial mediator of insulin's effect on glucose transport, at least in part. However, this idea has been remarkably contentious, largely, perhaps, because of the lack of a suitable membrane-permeant inhibitor of the enzyme or a dominant-negative construct. With respect to the latter, two 'dominant-negative' constructs have been reported to inhibit PKB signalling when transfected into cells. These are a kinase-inactive version (PKB-KI) and a mutant in which the P D K l and PDK2 phosphorylation sites on PKB have been substituted with alanine residues (PKB-AA). T h e former construct has been reported to partially block insulinstimulated glucose uptake [38] , whereas the latter was without any apparent effect under conditions where it blocked insulin-stimulated protein synthesis (Table 1 ; [39] ). However, a major drawback with these constructs is the presence of the pleckstrin homology domain of PKB, which can bind PtdIns(3,4,5)P3 with high affinity [40] . As such, their overexpression could lead to sequestration of PtdIns(3,4,5)P3, resulting in an effect little different from that of wortmannin.
Notwithstanding this caveat, it is of interest to note that the dominant-negative PKB-KI blocks insulin-stimulated glucose uptake into adipocytes by approx. 20% (Table 1; [38] ). This suggests, perhaps, that insulin-stimulated glucose uptake involves both PKB-dependent and -independent pathways. In our own studies, we have found that G L U T 4 translocation evoked by a constitutively active PKB (PKB-DD; in which the P D K l and PDK2 phosphorylation sites have been substituted with aspartic acids) is completely Possible model by which insulin may stimulate GLUT4 translocation and glucose uptake GLUT4 is found both in a unique pool (GSVs) and in the recycling endosomes, where it colocalizes with GLUT I and transfemn recepton (W3.s). The GSVs can be mobilized t o the plasma membrane by a constitutively active PKB via a mechanism that involves VAMP2 and SNAP-23, and possibly also syntaxin-4. GLUT4 from the recycling compartment may also translocate t o the plasma membrane in response t o insulin in a VAMP2/syntaxin-4/SNAP-23-independent manner which is insensitive t o constitutively active PKB. This latter pathway may involve, at least in part, the activation of novel isofoms of PKC, such as PKCl or PKC1;. See the text for further details. Both pathways require the activation of PI 3-kinase (P13K). Abbreviation: IR insulin receptor. Therefore the observation that these toxins only partially inhibit insulin-stimulated glucose uptake suggests that insulin may mobilize a further subset of G L U T 4 vesicles via another route which is independent of both PKB and VAMP2/syntaxin-4/SNAP-23 (Figure 1) . Overall, the above data argue in favour of a role for PKB in insulin-stimulated glucose uptake. T h e fact that 'dominant-negative' forms of PKB inhibit insulin-stimulated G L U T 4 translocation by only a small amount, or not at all, may be explained if the multiple G L U T 4 pools are in dynamic equilibrium. A number of studies suggest that the 'unique' G L U T 4 pool is derived from the endosomal recycling compartment by a retention or sorting process [8, 10, 12] . Thus, in the presence of a dominant-negative PKB, G L U T 4 could default to the plasma membrane via recycling endosomes through the VAMP2/syntaxin-4/ SNAP-23-independent route. T h e degree to which this occurs could vary significantly between cell types, or even between investigators using the same cell type. Clearly, however, this hypothesis requires extremely rigorous testing.
VAMPPISyntaxin
Very recent evidence suggests that constitutively active forms of PKCA and PKCC, in which the pseudo-substrate inhibitory region is deleted, promote G L U T 4 translocation and glucose uptake in adipocytes in the absence of insulin [23] [24] [25] 421 . Furthermore, kinase-inactive mutants of PKCA and PKCC have been reported to block insulin-stimulated G L U T 4 translocation [23-25,421. Again, this effect appears to only be partial (Table l), suggesting that both PKC-dependent and -independent mechanisms exist for insulinstimulated G L U T 4 translocation.
These data should be viewed with caution, as overexpression of kinase-inactive mutants of PKCA and PKCC may titrate out or sequester P D K l , the upstream activator, leading to a consequent inhibition of PKB activation or another P D K l -dependent event. Furthermore, it may be difficult to overexpress sufficient quantities of dominant-negative PKB, PKCA or PKCC to completely inhibit their respective signalling pathways; hence only a partial inhibition of G L U T 4 translocation could ever be achieved under these circumstances. Despite this, the data are again suggestive that insulin promotes G L U T 4 translocation via at least two distinct pathways. It is unlikely that PKCA/{ operate on the same signalling pathway as PKB, as expression of constitutively active forms of these PKCs do not result in activation of PKB [25]. Additionally, Kotani et al. [25] demonstrated that dominant-negative forms of PKCA and PKCC do not block activation of PKB by insulin, and likewise that dominantnegative PKB-AA has no effect on the insulininduced activation of PKCAlC. Therefore it appears that PKCAlC and PKB may operate on divergent pathways downstream of PI 3-kinase.
Whether PKCA and/or PKCC regulate the VAMP2/syntaxin-4/SNAP-23-dependent or -independent pools remains to be established ; however, it has been noted that kinase-inactive PKCC blocks insulin-stimulated G L U T 1 translocation [23] , suggesting at least some inhibitory effect on G L U T 4 exocytosis via recycling endosomes (Figure 1 ).
Dynamic imaging of GLUT4 using green fluorescent protein (GFP)
Do we have any other evidence that G L U T 4 resides in distinct vesicular pools ? Some evidence comes from dynamic imaging of G L U T 4 vesicles in living cells. In seeking to develop a system which would allow us to monitor G L U T 4 translocation dynamically in living cells, we fused G L U T 4 to G F P from Aequoria victoria. T h e expression of this intrinsically fluorescent protein in mammalian cells has generated a considerable amount of interest in the use of this molecule to 'tag' intracellular proteins which can then be monitored in situ [42] . GFP-tagged G L U T 4 appears to behave in a manner highly reminiscent of native G L U T 4 in many respects [43, 44] . Thus by fusing G F P to the N-terminus of G L U T 4 we have been able to observe a translocation of this chimaera to the plasma membrane in response to insulin by timelapse confocal microscopy (P. B. Oatey, L. M . Fletcher and J. M. Tavare, unpublished work). Our results suggested that in the basal state the majority of GFP-GLUT4-containing vesicles in 3T3-Ll adipocytes were relatively static, as if tethered (or attached) to an intracellular structure [44] . The data support a model in which a primary site of insulin action must be to release these vesicles, allowing them to then translocate to and fuse with the plasma membrane. In these initial studies, we also observed a population of more rapidly moving vesicles. Using imaging techniques that acquire images considerably more rapidly (3-5 frames per s), our more recent results suggest that there are indeed two populations of GFP-GLUT4-containing vesicles, easily distinguished by their differential rates of movement 
Concluding remarks
There is a strong body of evidence that favours the presence of G L U T 4 in at least two quite distinct intracellular pools of vesicles. One of these pools resembles the small synaptic vesicles found in neurons, and may translocate to the plasma membrane in response to insulin via a route that requires VAMP2/syntaxin-4/SNAP-23, and can be mobilized by constitutively active mutants of PKB. We propose that the other pool of G L U T 4 resides in recycling endosomes, where it colocalizes with GLUT1 and transferrin receptors. This pool undergoes translocation to the plasma membrane via a mechanism that does not require VAMP2/syntaxin-4/SNAP-23 and which is unaffected by PKB. The precise role of PKB in insulindependent translocation per se requires further elucidation, as does the contribution of the novel members of the PKC family, PKCA and PKCC. However, it should be remembered that PI 3-kinase is central to the mobilization of both pools of GLUT4.
T o further complicate the issue, it is likely that other G L U T 4 vesicle pools, trafficking pathways and signalling mechanisms exist. In particular, G L U T 4 translocation induced by guanosine 5'-[y-thioltriphosphate in adipocytes and contraction in muscle has been reported to occur independently of PI 3-kinase and PKB [15, [45] [46] [47] . Understanding the complex network of trafficking pathways and signalling processes that impinge on the important and medically significant phenomenon of regulated glucose uptake remains a very substantial challenge for the foreseeable future. 
